A new concept for thermal neutron based correlation and multiplicity measurements is proposed in this paper. The main idea of the concept consists of using 2.223 MeV gammas (or 1.201 MeV, DE) originating in the 1 H (n, γ ) 2 D-reaction instead of using traditional thermal neutron counting. Results of investigations presented in this paper indicate that gammas from thermal neutron capture reaction preserve the information about the correlation characteristics of thermal (fast) neutrons in the same time scale. Therefore, instead of thermal neutron detectors (or as a complement) one may use traditional and inexpensive gamma detectors, such NaI, BGO, CdZnTe or any other gamma detectors. In this work we used D8x8 cm 2 NaI scintillator to test the concept. Thus, the new approach helps to address the problem of replacement of 3 He-counters and problems related to the specific measurements of spent nuclear fuel directly in the spent fuel pool. It has a particular importance for nuclear safeguards and security. Overall, this work represents the proof of concept study and reports on the experimental and numerical evidence that thermal neutron capture gammas may be used in the context of correlation and multiplicity measurements. Investigations were performed for a 252 Cf-correlated neutron source and an 241 Am-Be-random neutron source. The related idea of Gamma Differential Die-Away approach is investigated numerically in this paper as well, and will be tested experimentally in a future work.
Introduction
Thermal neutron-based detectors, such as 3 He gas proportional detectors, have been around already for decades and are used in a variety of Nuclear Safeguards and Security applications, portal monitors, coincidence counters, waste assay systems, etc. Therefore, the present problem of the global shortage of 3 He [1] (the total 3 He demand is ∼65 10 3 l/y, while the total supply is ∼10-20 10 3 l/y [2] ) led to the number of international programs initiated to find a possible replacement for 3 He detection technology. A number of different new detectors and systems were suggested as a replacement, a good overview of each of them can be found in a recent report of [3] . In this work we approach the problem from another perspective and investigate the possibility of instead using of thermal neutrons to use 2.223 MeV gammas which are produced during the thermalization process by the by epithermal and thermal neutrons in hydrogencontaining material. This depends mostly on the yield of 2.223 MeV gammas (ratio between thermal neutrons and capture gammas) and the ability of 2.223 MeV gammas to carry the same time-related information as thermal neutrons. If 2.223 MeV gammas perform satisfactory in these two aspects then the traditional and inexpensive gamma detectors can be used as a potential alternative to the 3 He thermal neutron detectors for correlation measurements and counting.
The main concept
The main idea of the concept consists of using 2.223 MeV gammas or 1.201 MeV gammas (Double Escape (DE)) originating in the 1 H (n, γ ) 2 D-reaction instead of using traditional thermal neutron counting. The high-energy neutrons from the fissionable material or spent nuclear fuel get slowed down to ephithermal and thermal energies in the hydrogen-containing material (water, polyethylene etc.). A part of these thermal neutrons undergo 1 H (n, γ ) 2 D-reaction with the release of 2.223 MeV gammas which are finally detected by the gamma detector, as shown in Figure 1 . It is important to notice that out of all emitted neutrons (for the case of 252 Cf in the 40x40x30 cm water tank, as shown in Figure 2 ) approximately half undergo 1 H (n, γ ) 2 D reaction after thermalization. Results of investigations indicate that these gammas carry the same information about the correlations as the thermal neutrons. Moreover, due to the origin of the gammas, since it takes on average microseconds for a neutron to be slowed down and captured, the time scale stays the same as the one for thermal neutrons. As our previous research [4, 5] show, the source gamma will be correlated on the ns scale which makes their analysis somewhat cumbersome. Therefore, the beauty of using a 2.223 MeV gamma line is partly related to the microseconds time scale since there will be no interference with other lines in the gamma spectrum which will be correlated on the same microsecond time scale, unless another strong neutron absorber is present in the system which can lead to the production of the highly energetic gamma lines. Though, even in this case the overall information will be improved.
Description of the simulation process and the experimental set-up
The new concept was tested experimentally and numerically. The experiments were performed with a weak 252 Cf (∼17.3 kBq) spontaneous fission source of correlated 7 neutrons per second. Due to the lack of access to the real spent fuel assembly and a portable neutron generator at the moment, the potential of the method for a spent nuclear fuel measurements directly in the spent fuel pool and the related idea of Gamma Differential Die-Away approach were investigated only numerically in this paper. Future experimental work on these issues is foreseen.
Geometry of the experimental set-up
A Plexiglas water tank was constructed specifically for experimental investigations, as shown in Figure 2 .
Dimensions of the tank was 40x40x30 cm 3 . The tank was equipped with water tight Plexiglas sample (source) holder to avoid direct contact of the sample and the water in the tank and provide the possibility to place the sample directly in the center of the tank. One NaI scintillator (D8 x 8 cm 2 ) was used in the measurements. Two sources were used for the calibration procedure to cover the energy range from 511 keV to 2. 
Electronics and settings used in experiments
The NaI detector was connected to a 8 channel, 12 bit 250 MS/s, VX1720E CAEN digitizer. The high voltage bias was adjusted for the detector using a CAEN (Mod. SY403) 64 channel high voltage supply system as 1365.4 V. 
Data processing procedure
The experimental evaluation of the Rossi-alpha distribution and Feynman-alpha (variance to mean) ratio for thermal neutron-induced gammas was performed with one detector in a traditional way [6, 7] , as shown in Originally, the digitized waveform and corresponding timestamps were collected during the interval of time which varied from 30 minutes to two hours. Each individual pulse was post processed offline so the eventual pulse train included timestamps and the pulse heights of the signals. In the Feynman-alpha measurement the variance and mean of the numbers of counts (N) was evaluated in k consecutive time intervals of length ∆t 0 (10 µ s). The uncertainty in the variance to mean ratio was estimated as below [? ]:
In the Rossi-alpha measurement, the autocovariance of the numbers of counts (N) was evaluated in short time intervals of length ∆t 0 (8 µ s) after each detector count, as shown in l.h.s. of Figure 3 .
In the case of only random events being detected the variance to mean ratio will represent unity while the Rossi-alpha distribution will be constant with time.
Geometry and details of the simulation set-up
In the numerical studies the experimental geometry was modeled as a 40x40x30 cm 3 water tank with a source and cylindrical detector. To check the applicability of the concept for the investigations of a spent fuel assembly directly in the fuel pool (water filled) numerical studies were performed with a SVEA-64 assembly which contained five gadolinium-bearing poison rods, one water rod and the fuel rods in four sub-assemblies separated by a water moderator (water cross). The model and design dimensions of the assembly are shown in Figure 4 [8] .
The setup used for numerical treatment of the Gamma Differential Die-Away approach is shown in Figure 5 . It should be noticed that this is not an optimized setup and therefore, further optimization is required. Eight NaI gamma detectors are used in the setup, though other types of gamma detectors can be easily used in the same manner. A point pulsed neutron source with an energy of 2.5 MeV is surrounded by a deuterium moderator in order to decrease the contribution of the 2.223 MeV gamma to the source-related (and fast fission-related) component of the gamma count characteristic. The numerical studies in this paper were performed by using both the MCNPX [9] and the MCNP-PoliMi [10] Monte Carlo codes. 
Results and discussion

A presence of 2.223 MeV line and preliminary observations
Our previous study of the direct method for evaluating the concentration of a boric acid in a spent fuel pool by using scintillation detectors [11, 12] already indicated the presence of the strong 2.223 MeV gamma line as a result of neutron capture reaction on hydrogen. Therefore, the first step of this work was more or less repetition of a similar experiment but in a different setup and with a NaI gamma detector instead of EJ-309 liquid neutron-gamma scintillation detector. The identification of the 2.223 MeV gamma line in the spectrum was performed via calibration with 22 Na and 60 Co sources which covered the energy range from 0.511 MeV to 2.5 MeV. As shown in Figure 6 , the 2.223 MeV gamma line is visibly appearing after just 3 minutes of measurements for both 252 Cf spontaneous fission source of correlated neutrons and an 241 Am-Be (α ,n)-source of random neutrons that are placed in center of the water tank shown in Figure 2 . The results of numerical simulations, though, show that most of the 2.223 MeV gammas are produced by the 252 Cf-source in a radius of approximately 10 cm (Figure 7 , l.h.s.) with a maximum at the distance of 4 cm in the water (Figure 7 , r.h.s.). This observation was used for an arrangement of the experimental setup shown in Figure 2 . Numerical simulations indicate as well that the 2.223 MeV gamma produced by a 252 Cf-source in water will have a multiplicity distribution similar to the count distribution shown in Figure 8 (l.h.s.). Considering only two correlated gamma at the time which reach the detector (Figure 8 , r.h.s.) and their respective energy deposition in the detector, then most of the correlations will be observed for 1.201 MeV (DE) and 2.223 MeV gamma energy.
It should be noticed that Figure 7 and Figure 8 are results of numerical simulations, should therefore be taken with appropriate caution. Even so we did not observe fundamental disagreement with the results of further experimental studies. 
Rossi-alpha and Feynman-alpha
The next step of preliminary studies was related to numerical investigations of the assumption that "the time scale for correlation of the capture gammas is preserved in the same way as the one for thermal neutrons. Therefore, we made a numerical model of the two sources, 240 Pu spontaneous fission source of correlated neutrons and a 2.5 MeV-source of random neutrons, placed in the center of the water moderator. Thereafter, timestamps of the 2.223 MeV gammas were collected and post processed the same way as described in Section 3.3."Data processing procedure". As expected, results shown in Figure 9 indicate that in the case of only random events being detected (r.h.s.) the Rossi-alpha distribution is constant with time and vice versa for the case of correlated events. Figure 10 shows results of similar studies, the traditional Rossi-alpha curve for 2.223 MeV gamma but produced by a SVEA-64 spent fuel assembly placed in the spent fuel pool. Thus, there is a positive indication that the same methodology might be used for measurements of the spent fuel directly in a spent fuel pool.
The experimental studies were performed with 252 Cf and 241 Am-Be sources and one NaI detector. Assuming relative dependence between angular correlations of 2.223 MeV gammas 1 and original neutron correlations, and based on the results of the studies of the angular correlations in the prompt neutron emission in spontaneous fission of 252 Cf [13] , which investigated neutron-neutron correlations in a plane perpendicular to the fission axis, it was found acceptable if only one detector with a diameter of 8 cm was used in the present experiments.
Since, in the case of the 241 Am-Be source only random events were detected, the Gate delay, microseconds Figure 11 : The experimental (l.h.s.) and numerical (r.h.s.) Rossi-alpha curves for 2.223 MeV gammas produced by 241 Am-Be source placed in the water tank (Figure 2 ). At the same time the situation is different for the 252 Cf source, as shown in Figure  12 , the Rossi-alpha distribution is not constant with time and can be approximated with one exponential function. It should be noted that the 252 Cf source was very weak (17.3 kBq), therefore, measurement time was 2 hours.
As expected, the variance to mean ratio also indicate a non-Poisson nature of particle emission from the 252 Cf source, it deviates from unity for the case of 2.223 MeV gammas produced by a 252 Cf source in water.
Variance-to-mean ratio 1 H (n, γ ) 2 D-reaction to complement or be used as a replacement for thermal neutron-based counting. Also, the time scale of correlated 2.223 MeV gammas is preserved in the same way as the one used for correlated thermal neutrons.
Gamma Differential Die-Away concept
As was shown above, 2.223 MeV gammas from neutron capture reaction on hydrogen behave similarly to thermal neutrons, therefore most of the techniques used in traditional thermal-based counters can be applied to 2.223 MeV gamma correlation counting without the significant modifications. However, the Gamma Differential Die-Away concept which we offer to use as a potential alternative to the traditional Differential Die-Away Analysis [14] [15] [16] requires a bit more attention. This is due to the fact that 2.223 MeV gamma originated in (n, γ )-reaction on the hydrogen, will be Cross section, barns Counts per source neutron per second created in the system as a whole and detected at anytime after creation by gamma detectors and the Cd screen will obviously not play the same role as in the case of the traditional Differential Die-Away Analysis. Therefore, if the Gamma Differential DieAway concept is to be realized the outer hydrogen moderator must be replaced with a deuterium-based or boron-based material. Due to its cross-section, see Figure 14 (l.h.s.), in this work boron-based material was eventually used (see Figure 5 ). Three different cases were considered in order to estimate the performance of the Gamma Differential Die-Away concept, i.e. when only the source was in the system, or 33 grams and 7.8 kilograms of 235 U . Results shown in Figure 14 (r.h.s.) indicate that all these cases can relatively easy be identified. The 2.223 MeV gammas resulting from the capture of source neutrons can be approximated by one exponential, at the same time when 235 U present in the system, the response can be represented with a twoexponential function. These results might be improved through additional optimization of the thickness and composition of moderators.
Conclusion
The new concept of using 2.223 MeV gammas (or 1.201 MeV, DE) originating from 1 H (n, γ ) 2 D-reactions as an alternative or complement to counting thermal neutrons was evaluated experimentally with a 252 Cf spontaneous fission source of correlated neutrons and an 241 Am-Be (α ,n)-source of random neutrons and numerically with 252 Cf, 241 AmBe, 240 Pu, a 2.5 MeV random neutron source and a SVEA-64 spent fuel assembly. Both experimental and numerical results indicate that 2.223 MeV gammas behave in a similar manner to the thermal neutrons and at the same microseconds time scale. Moreover, numerical results show that approximately half of the emitted neutrons (for a case of a 252 Cf source in the water tank) lead to the creation of 2.223 MeV gammas. Most of the 2.223 MeV gammas are produced in a radius of approximately 10 cm with a maximum at 4 cm in the water. It was shown that this concept can also be used for the measurements of spent fuel directly in a spent fuel pool. As a part of the work the Gamma Differential Die-Away concept was suggested and tested numerically. It
